Abstract. Both phase and group velocities of all guided modes of a moderately multimode fibre are experimentally determined from a single sample. Modes are excited by a picosecond optical pulse and spatially separated at the etched fibre end. A picosecond streak camera records their spatial and temporal output coordinates.
Introduction
While the understanding of propagation phenomena in the optical fibre is well established theoretically, random perturbations of the optogeometrical parameters of the fibre can strongly decrease its actual performance. That is why fibre experimental characterization is of great importance. Here we present an alternative method to the conventional characterization techniques used for multimode fibres [1] . This method consists of simultaneously analysing the spatial and temporal properties of all guided modes. The fibre mode phase and group velocities are measured on a single image. We use a technique [2] of output modes spatial separation and work in the picosecond pulsed regime. When modal subpulses from a single injected pulse emerge from the output end of the fibre, a picosecond streak camera simultaneously records their spatial and temporal escape coordinates. This technique can also be applied to chromatic analysis of fibre properties [3] , coupling determination at a splice [4] and core profile characterization.
Experimental setup
The experimental arrangement is presented in figure 1 . The picosecond pulse optical source is a frequency doubled mode-locked Nd:YAG laser that provides a single light pulse with the following characteristics: 30 ps (FWHMI) bandwidth limited duration, 532 nm carrier wavelength, linear polarization, and ≈0.1 mJ energy. This pulse is injected into a step-index fibre, single-mode at 1.3 µm and used at a normalized frequency V = 6. The fibre length is 100 m.
The last few millimetres of the fibre are etched using a solution of hydrofluoric acid [2] . After this, the fibre end is Figure 1 . Experimental setup; an optical pulse is injected into a six-mode fibre. At the fibre output, modes are spatially separated forming rings in the far field. A picosecond streak camera records spatial and temporal coordinates of modal sub-pulses emerging from the fibre end.
placed in an index matching fluid such as paraffin oil. The output modes appear well separated, forming rings in the far field. Their LP designation is easily identified by the number of azimuthal maxima and neighbouring modes. The entrance slit of a 12 ps temporal resolution limit picosecond streak camera is placed radially across the modal rings. The camera is triggered by a replica of the initial green pulse travelling in a single-mode fibre of 80 m length. The camera screen displays an array of six spots, each one corresponding to one mode of the fibre.
The spatial coordinate of a spot is related to the mode propagation constant β (i.e. phase velocity) and to the refractive index of paraffin oil at the experimental temperature. Sorin [5] demonstrated that this allows a precise Picosecond streak camera display of the phase and group velocities of all guided modes. LP 12 is weakly guided approaching its cutoff wavelength. LP 02 arrives sooner than predicted for a real step-index fibre because of an index dip in the fibre core (see figure 3(b) ). LP 01 has received low energy. measure of the phase velocities for single-mode and fewmode fibres with an accuracy of better than 0.01%. Shaklan [6] has shown that this procedure is available for fibres supporting up to 17 modes. This roughly corresponds to the spatial resolution limit between neighbouring modes. This limitation is due to mode diffraction during escape from the etched fibre end. In our experiment, the additional temporal separation performed by the camera allows a larger number of modes to be resolved.
The temporal coordinate indicates mode group arrival times, from which the group velocity differences are easily calculated. If modes were not spatially separated, the temporal resolution of this method would be set mainly by the laser pulse duration [7] ; here it is the spatio-temporal resolution of the camera that must be taken into account. With our system, we obtain an accuracy of 5% for the group velocity modal difference measurement.
Additionally, the use of a tunable distributed-feedback dye laser has allowed us to probe the chromatic dependence [3] of fibre propagation characteristics. For example, we measured a −37 ps variation of group delay between LP 21 and LP 31 , for λ = 565 nm in comparison with λ = 532 nm. LP 12 is not guided at 565 nm and LP 31 approaches its cutoff wavelength.
Moreover, our experimental arrangement has been extended to coupling measurement at a fibre splice [4] . When the splice is placed near the fibre end, the streak camera directly displays the coupling matrix of the splice. For example, the pulsed energy that has coupled from LP 01 to LP 11 appears on the camera screen as a spot at the LP 11 spatial coordinate and LP 01 temporal coordinate. figure 3(a) ). Refractive index profile of the fibre under test obtained with a YORK FC 1000 characterization bench ( figure 3(b) ).
Fibre core profile characterization
It has already been demonstrated [8] that experimental measurements of modal group velocities can be useful for core profile determination after numerical computations. The method proposed in this letter is also suited to calculations, but it has the additional advantage that it can be used directly for a first diagnostic of fibre core properties.
In a first step, we measure dispersion and group delay times of a step-index fibre. Starting with figure 2, β and δβ/δω modal relative positions of LP 11 , LP 12 , LP 21 and LP 31 confirm by comparison with theoretical graphics diagrams [9] ( figure 3(a) ) that the fibre under test is a step-index fibre used at V ≈ 6. One can deduce from the low position of LP 12 that it approaches its cutoff wavelength as theoretically predicted. Moreover, it appears that LP 02 has a larger group velocity than deduced for a real step-index fibre. This deviation has been measured as an effective refractive index difference dn 02 = 2.6 × 10 −4 in comparison with a perfect step-index fibre. Since LP 02 propagates closer to the core centre than other surrounding modes, we can hypothesis the presence of an index dip in the fibre core. This fact has been confirmed by a conventional measurement method ( figure 3(b) ), using a refracted near-field technique. The depth of the index dip was measured to be dn = 3.4 × 10 −4 in good agreement with our experimental result. Our method can also be used for controlling the optimization [10] of the refractive index profile in multimode graded-index fibres. In the case of highly multimode fibres, modes cannot be resolved as individual spots. Instead, they appear as a continuous slightly inclined line on the streak camera screen. But one can immediately determine if high-order modes are under-or overcompensated.
Conclusion
We have presented a novel procedure for multimode fibre characterization where both the phase and group velocities are determined with a single photographic observation. The index profile of the fibre core can be investigated; chromatic properties and intermodal couplings are also analysable.
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